Rossi NF, Chen H, Maliszewska-Scislo M. Paraventricular nucleus control of blood pressure in two-kidney, one-clip rats: effects of exercise training and resting blood pressure. Am J Physiol Regul Integr Comp Physiol 305: R1390 -R1400, 2013. First published October 2, 2013; doi:10.1152/ajpregu.00546.2012.-Exercise-induced changes in ␥-aminobutyric acid (GABA) or nitric oxide signaling within the paraventricular nucleus (PVN) have not been studied in renovascular hypertension. We tested whether exercise training decreases mean arterial pressure (MAP) and renal sympathetic nerve activity (RSNA) in two-kidney, one-clip (2K-1C) hypertensive rats due to enhanced nitric oxide or GABA signaling within PVN. Conscious, unrestrained male Sprague-Dawley rats with either sham (Sham) or right renal artery clipping (2K-1C) were assigned to sedentary (SED) or voluntary wheel running (ExT) for 6 or 12 wk. MAP and angiotensin II (ANG II) were elevated in 2K-1C SED rats. The 2K-1C ExT rats displayed lower MAP at 6 wk that did not decline further by 12 wk. Plasma ANG II was lower in 2K-1C ExT rats. Increases in MAP, heart rate, and RSNA to blockade of PVN nitric oxide in 2K-1C SED rats were attenuated compared with either Sham group. Exercise training restored the responses in 2K-1C ExT rats. The increase in MAP in response to bicuculline was inversely correlated with baseline MAP. The rise in MAP was lower in 2K-1C SED vs. either Sham group and was normalized in the 2K-1C ExT rats. Paradoxically, heart rate and RSNA responses were not diminished in 2K-1C SED rats but were significantly lower in the 2K-1C ExT rats. Thus the decrease in arterial pressure in 2K-1C hypertension associated with exercise training is likely due to diminished excitatory inputs to PVN because of lower ANG II and higher nitritergic tone rather than enhanced GABA inhibition of sympathetic output. Goldblatt hypertension; ␥-aminobutyric acid; hemodynamics; nitric oxide; renal sympathetic nerve activity NUMEROUS STUDIES INDICATE that regular physical activity reduces cardiovascular risk not only in individuals with predisposing conditions (4, 19) but also in asymptomatic healthy subjects (42). In both humans (5, 30) and rats (49) with hypertension, moderate regular exercise decreases systemic arterial pressure. This depressor effect of exercise training is due, at least in part, to a decrease in efferent sympathetic tone (48) and improved autonomic function (13, 66) .
NUMEROUS STUDIES INDICATE that regular physical activity reduces cardiovascular risk not only in individuals with predisposing conditions (4, 19) but also in asymptomatic healthy subjects (42) . In both humans (5, 30) and rats (49) with hypertension, moderate regular exercise decreases systemic arterial pressure. This depressor effect of exercise training is due, at least in part, to a decrease in efferent sympathetic tone (48) and improved autonomic function (13, 66) .
Mounting evidence suggests that physical activity is associated with neuroplasticity in brain loci that regulate blood pressure (25, 44) . In addition to brain stem cardiovascular regulatory centers such as the nucleus tractus solitarius and the rostral ventrolateral medulla, the paraventricular nucleus (PVN) of the hypothalamus is an important central site involved in sympathetic outflow and arterial pressure control that can be influenced by exercise (13, 25) . The role of exercise training on ␥-aminobutyric acid (GABA) and nitric oxide signaling mechanisms within the PVN and the associated improvement in sympathetic outflow have been extensively demonstrated in heart failure (66, 68) . Studies exist indicating that exercise training also enhances PVN nitric oxide and GABA-mediated inhibition of sympathoexcitation in normotensive (27) and hypertensive rats (15) . For example, exercise training normalizes the number of diaphorase positive, presumptively nitritergic neurons (15) , and reduces proinflammatory cytokines (1) within the PVN of spontaneously hypertensive rats (SHR) . In a rat model of hypertension induced by exogenously infused angiotensin II (ANG II), exercise training prevented arterial baroreflex dysfunction (50) .
Renovascular disease resulting in reduced renal perfusion pressure is an important cause of secondary hypertension. Renal artery stenosis may result from fibromuscular dysplasia, but atherosclerotic renal artery disease is the most common with a prevalence as high as 20 -54% in patients who have concurrent extrarenal atherosclerosis or heart failure (14) . Moreover, atherosclerotic renal artery stenosis is an independent risk factor for adverse cardiovascular events (16) . The hypertension that ensues is due to a complex interplay of the renin-angiotensin-aldosterone system (18) , oxidative stress pathways (8) , and the sympathetic nervous system (7) . Most studies have focused on the role of the renin-angiotensinaldosterone system, but it has long been known that sympathoexcitation is a critical factor in both experimental (29) and clinical (7) hypertension associated with unilateral renal artery stenosis, particularly in the later phase of hypertension (41) .
Recent studies indicate that the PVN also plays an important role in renovascular hypertension (8, 9, 39) . Studies on exercise training in two-kidney, one-clip (2K-1C) hypertension have largely focused on its effects on cardiac remodeling (57) rather than on its impact on sympathetic activity. Thus the present studies were designed to test the hypothesis that moderate exercise training by voluntary wheel running would decrease systemic blood pressure in the 2K-1C hypertensive rat. Furthermore, we hypothesize that the depressor effect of exercise will be associated with sympathoinhibition due to enhanced nitric oxide and/or GABA signaling within the PVN.
METHODS
Experiments were performed in male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN) housed under controlled conditions (21-23°C; lights on, 0700-1900). They were permitted free access to water and standard rat chow. The rats were cared for in accordance with the principles of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All protocols were approved by the Wayne State University Institutional Animal Care and Use Committee.
Renal artery clipping. Five-week-old rats were anesthetized with combined ketamine (80 mg/kg) and xylazine (8 mg/kg ip). A right flank incision was made, and a silver clip (0.2 mm) was surgically placed around the right renal artery (2K-1C). Sham-clipped (Sham) rats underwent identical surgery but were not clipped. The flank incision was closed, and each rat was returned to its home cage and permitted to recover. At the end of surgery, each rat received butorphanol tartrate (0.2 mg/kg sc) for analgesia.
Exercise regimen. Four to five days after sham or renal artery clipping, rats were randomly assigned to individual standard caging [sedentary (SED)] or to identical cages with access to running wheels [exercise training (ExT)] equipped with activity wheel monitors (Lafayette Instruments) by an investigator other than the person performing the clipping. Four groups of rats were studied after 6 wk of sedentary or voluntary wheel running: Sham SED, Sham ExT, 2K-1C SED, and 2K-1C ExT. A separate set of four groups were studied after 12 wk.
PVN cannula, vascular catheters, and renal nerve electrode placement. At the end of the 6-or 12-wk regimen, each rat was anesthetized with ketamine and xylazine as before and then secured in a stereotaxic apparatus with the skull leveled between the bregma and lambda. A 26-gauge guide cannula (Plastics One) was inserted into the PVN such that the final injection after placement of the infusion cannula (see below) occurred at the following stereotaxic coordinates: Ϯ0.6 lateral to the midline, Ϫ1.5 dorsal to bregma, and Ϫ8.6 ventral from the dorsal surface of the skull. The guide cannula was affixed with cranioplastic cement, and a dummy cannula was inserted to maintain patency. After recovery from the anesthetic at the end of surgery, each rat received butorphanol tartrate as above and was returned to its home cage and permitted to recover. At this point, access to the running wheels for the exercise-trained rats was closed to avoid injury to the rat and damage to the cannula should the cannula be caught within the wheel mechanism.
Four days later, each rat was anesthetized with pentobarbital sodium (50 mg/kg ip). If needed, supplemental doses of sodium pentobarbital were given intravenously after placement of the catheters to maintain an adequate plane of anesthesia. A midline ventral incision was made in the neck, and catheters were inserted into the right carotid artery and jugular vein. The catheters were filled with heparinized saline (100 U/ml), secured, tunneled subcutaneously, and exteriorized at the base of the neck. The incision was sutured, and the rat was then turned onto its right side and a left flank incision was made. The left renal nerve was isolated via a retroperitoneal approach. The nerve was carefully placed on electrodes constructed of Tefloncoated silver wire (0.0055-in. diameter; A-M Systems) with the exposed ends wound into single loops. The nerve and electrodes were covered with silicone gel (Kwik-Sil; World Precision Instruments), which was allowed to harden before closure. A ground wire was sewn into the surrounding tissue. The electrodes and ground wire were tunneled subcutaneously and also exteriorized at the base of the neck.
Each rat was returned to its home cage and permitted to recover. In all cases, the animals resumed normal grooming, eating, drinking, and cage activity. A minimum of 48 h was permitted after the renal nerve surgery for full recovery from anesthesia before performance of any test protocol (40) .
Conditioning to the study chamber. On the second day after cannula placement and on each of the following days, the rats were conditioned to remain for 180 min within a custom-made Plexiglas study chamber (Braintree Scientific) that would be used during the experiment. The chamber allowed the rat to move forward and backward but not to turn around. They were returned to their home cage after each conditioning period.
Hemodynamic and renal sympathetic nerve activity measurements. Arterial pressure was measured by connecting the arterial catheter to a pressure transducer (Gould P23 XL) that was coupled to an amplifier (Digi-Med BPA-200). Heart rate and mean arterial pressure (MAP) were derived by data-acquisition software (DasyLab; Biotech Products) using the arterial pressure pulse and averaged over 1-s intervals. Renal sympathetic nerve activity (RSNA) was amplified (5,000 -20,000 times) and filtered (100 -1,000 Hz) with a Grass P511 differential preamplifier and a high-impedance probe (HIP511GB). Both the probe and the rat were located within a shielded Faraday cage. The amplified and filtered neurogram signal was channeled to an oscilloscope and Grass AM8 audiomonitor for visual and auditory evaluation, respectively. The amplified nerve activity was digitized, rectified, integrated, and averaged over 1-s intervals. Background noise was determined at the end of experiment after administration of a bolus dose of the ganglionic blocker trimethaphan camsylate (20 mg/kg iv; Hoffman-La Roche). RSNA was defined as the amount of recorded nerve activity after subtraction of background noise.
Protocols. All testing was performed in conscious rats. On the day of study, the rat was placed into the study chamber, the arterial catheter and nerve electrodes were connected to the data acquisition system, and the dummy cannula was replaced with an infusion cannula whose tip projected 1 mm below the guide cannula. Heart rate, arterial pressure, and RSNA were monitored continuously. After a minimum 30-min baseline period, the PVN was injected with the test agent: either 200 pmol bicuculline or 740 nmol N -nitro-Larginine methyl ester (L-NAME) dissolved in 250 nl saline (54) . Hemodynamic and RSNA parameters were monitored for 90 min after injection. Each rat was subjected only to one test agent on any given day in random order. A minimum of 24 h was permitted between test protocols. Some rats were studied only once if the quality of the renal nerve recording did not meet criteria set out by Guild et al. (21) before initiating the testing protocol.
On the day following all protocols, 10 2K-1C rats were subjected to phenylephrine (40 g iv) to evaluate the ability to mount a pressor response. Baseline MAP and peak pressor responses were recorded.
After the last protocol was completed, rats were euthanized with sodium pentobarbital (100 mg/kg iv) and 250 nl 1,1-di-ictadecyl-3,3,3=,3=-tetramethylindocarbocyanine perchlorate were injected into the PVN to localize the injection. Then, the rat was perfused transcardially with 0.9% saline followed by 10% neutral buffered formalin. The brain was removed, dehydrated using an alcohol series, and embedded in paraffin. Coronal sections (60 m) were examined by phase contrast microscopy, and the site and extent of injection were verified. Rats with injection sites outside the PVN were eliminated from analysis.
Radiotelemetry monitoring and plasma ANG II. A separate set of sham-clipped or 2K-1C rats were assigned to radiotelemetry monitoring for subsequent plasma angiotensin II (ANG II measurement) after 12 wk of SED or ExT regimen. These rats had implantation of a radiotelemetry transducer (TA11PA-C40; Data Sciences) at the time of renal artery clipping or sham clipping. After the femoral artery was exposed and the proximal end was temporarily occluded, the gel-filled catheter attached to the transmitter device was inserted into the distal aorta via a 21-gauge needle. The catheter was advanced and secured with medical adhesive, and the transmitter placed subcutaneously and sutured to the underlying muscle. The skin was closed with surgical staples. The rat was given butorphanol tartrate for analgesia and was returned to its home cage with its individual receiver. Hemodynamic data was recorded for 1 day each week and then for the final week of the 12-wk protocol. At the end of the 12 wk, the rats were anesthetized with ketamine and xylazine. A midline abdominal incision was made, and the aorta was exposed and cannulated. Blood was collected into prechilled tubes containing a solution with inhibitors of proteolytic enzymes and angiotensin-converting enzyme: 5 mM EDTA, 10 M pepstatin, 25 mM phenanthroline, and 20 M enalaprilat to block degradation. The samples were immediately centrifuged at 4°C, and the plasma was removed and stored at Ϫ70°C until assay (39) .
Plasma ANG II radioimmunoassay. Plasma samples for ANG II were processed by methods adapted from Navar et al. (47) for our laboratory (39) . Briefly, 1 ml of plasma was extracted with 90% methanol in water. The eluates were taken to dryness under N2 and stored overnight at Ϫ20°C. The extracts were reconstituted in 0.5 ml assay buffer consisting of 50 mM sodium phosphate, 1 mM EDTA, 0.25 mM thimerosal, and 0.25% peptidase-free human serum albumin. All samples were assayed in duplicate using 125 I-labeled ANG II (Perkin-Elmer, Billerica, MA) as the tracer and anti-ANG II antibody (Peninsula Laboratories, San Carlos, CA) at a final dilution of 1:660,000. Nonspecific binding was 2.1%, the lower limit of detection was 0.5 fmol/tube, and 50% binding was 15.2 fmol/tube.
Analyses and statistics. All data are presented as the means Ϯ SE. Two-way ANOVA for independent measures was used to evaluate the effect of exercise on the responses of MAP, heart rate, and RSNA to injections of bicuculline or L-NAME in Sham and 2K-1C groups. For comparisons of individual means among groups, one-way ANOVA was followed by Tukey Kramer post hoc analysis. A P value Ͻ0.05 was accepted as significant. Table 1 shows that rat weights did not differ among the groups at the time of sham clipping or renal artery clipping. At 6 wk, the weights of the Sham ExT rats were significantly less than the those of the Sham SED rats, which did not differ from either of the 2K-1C groups. At 12 wk, both the Sham ExT and 2K-1C ExT rats had lower body weights than their sedentary counterparts even though overall the ExT rats ate more food (29 Ϯ 2 g/day) than the SED rats (25 Ϯ 1 g/day). The difference in food intake did not achieve significance (P ϭ 0.078). Running distances were comparable between shamclipped and 2K-1C rats studied at 6 wk ( Fig. 1) . In the rats studied at 12 wk, the 2K-1C rats tended to run less than the sham-clipped rats; the difference was significant during weeks 7-9.
RESULTS
On the first day of the study protocol, baseline MAP was significantly higher in 2K-1C SED and 2K-1C ExT groups compared with the corresponding Sham groups in rats studied at 6 or at 12 wk (Table 2) . MAP was similarly elevated in the 2K-1C SED and 2K-1C ExT rats before receiving bicuculline or L-NAME regardless of the day they were studied. MAP was significantly lower in the 2K-1C ExT rats after either 6 or 12 wk of the wheel running regimen compared with 2K-1C SED rats. Taken together, baseline heart rate was lower in the 2K-1C ExT rats vs. 2K-1C SED rats after 12 wk on the first study day. Heart rate was significantly lower in the 2K-1C ExT rats compared with 2K-1C SED after 6 or 12 wk of voluntary wheel running exercise only on the day these rats were tested with bicuculline.
Typical increases in blood pressure, heart rate, and integrated RSNA responses to microinjection of either bicuculline or L-NAME into PVN in 12-wk Sham SED rats are shown in Fig. 2A . The pattern of RSNA activity is shown in Fig. 2B .
At 6 wk, both the Sham ExT and 2K-1C ExT groups displayed a significantly greater rise in MAP in response to bicuculline than the Sham SED and 2K-1C SED groups, respectively (Fig. 3, left) . The heart rate and RSNA responses were significantly greater in the Sham ExT group than the Sham SED, whereas these responses were similar in the 2K-1C SED and ExT rats.
In the 12-wk groups, the increase in MAP by the 2K-1C SED rats with bicuculline was smaller than that of the Sham SED rats. The increase in MAP by the 2K-1C ExT group was significantly greater than in the 2K-1C SED rats and no different from that in the Sham groups. The heart rate and RSNA response of the 12-wk 2K-1C ExT rats were significantly lower compared with that of the 2K-1C SED rats as well as both Sham groups (Fig. 3, right) . At 6 wk, the hemodynamic and RSNA responses to PVN injection of L-NAME were similar in Sham and 2K-1C groups regardless of the sedentary or exercise regimen (Fig. 4,  left) .
At 12 wk, the increase in MAP with L-NAME in the 2K-1C SED group was significantly lower than that seen in the Sham groups (Fig. 4, right) . The rise in MAP in the 2K-1C ExT group was similar to that in the Sham rats, and the heart rate and RSNA responses followed the same pattern as MAP. The increase in RSNA was also greater than that observed in 2K-1C ExT rats studied after only 6 wk of exercise training.
Since it appeared that the change in MAP in response to bicuculline was related to baseline MAP, we performed a post hoc analysis. When the change in MAP by all rats was plotted against baseline MAP, a significant inverse linear relationship was observed (Fig. 5A) . Rats with the highest baseline MAP were all 2K-1C SED rats and displayed the smallest increase to bicuculline with some rats responding with a decrease in MAP. Thus we analyzed data from 2K-1C SED and 2K-1C ExT rats excluding those with MAP Ͼ200 mmHg. In this subgroup, baseline MAP was similar in 2K-1C SED (160.3 Ϯ 2.5 mmHg) and 2K-1C ExT rats (162.7 Ϯ 1.3 mmHg). The 2K-1C ExT rats still displayed a greater rise in MAP after bicuculline, 15.1 Ϯ 1.0 mmHg, compared with 2K-1C SED rats, 7.5 Ϯ 1.2 mmHg (P Ͻ 0.05). Similar to the analysis of the entire cohort (Fig. 3) , the increase in heart rate was significantly smaller in the 2K-1C ExT vs. 2K-1C SED rats, 44 Ϯ 5 vs. 81 Ϯ 8.3 beats/min (P Ͻ 0.01) as was the rise in RSNA, 77.8 Ϯ 5.3 vs. 192 Ϯ 24.9% baseline (P Ͻ 0.01).
Although the correlation was less strong, the relationship between the change in MAP in response to L-NAME vs. baseline MAP was also significant (Fig. 5B) . As with bicuculline, subanalysis did not alter the findings with all rats shown in Fig. 4 .
Importantly, the increase in MAP after 40 g intravenous phenylephrine did not differ regardless of baseline MAP in the 2K-1C rats. MAP rose 39.1 Ϯ 3.5 mmHg in 2K-1C rats with baseline MAP between 140 and 200 mmHg (n ϭ 16) and 33.9 Ϯ 6.1 mmHg in 2K-1C rats with baseline Ͼ200 mmHg (n ϭ 7; P Ͼ 0.05).
The overall average running distances for the set of rats monitored by telemetry (Table 3) are shown in Fig. 6 and were not significantly different from those for 12-wk ExT rats in Table 1 . The pattern of running was similar for both sets of 2K-1C ExT rats (compare Figs. 1 and 6 ). Running distances for the Sham ExT rats with telemetry transmitters were no different from the 2K-1C ExT rats in this set but tended to run less than the Sham ExT rats in the first set of experiments during weeks 7-9 (compare Figs. 1 and 6 ). Baseline MAP and heart rates for these groups are shown in Table 3 and were similar to those obtained after instrumentation and conditioning but before PVN injection in the first set of experiments ( Table 2) . As before, 2K-1C ExT rats had significantly lower MAP than 2K-1C SED rats ( Table 3 ). The plasma ANG II level was 2.5-fold higher in the 2K-1C SED group compared with Sham SED rats. 2K-1C ExT rats had significantly lower plasma ANG II levels than the 2K-1C SED rats. Figure 7A shows the areas identified within the PVN over which the injections spread for the rats that were used in the analysis. Injections outside the PVN are depicted in Fig. 7B . Two rats with injections in the area of the thalamus and zona incerta displayed seizure-like stereotypic behavior; these rats were euthanized and not studied further. Injection of bicuculline into the region between the median preoptic nucleus and lateral hypothalamic area resulted in profound increases in MAP, heart rate, and RSNA in one animal (36.3 mmHg, 144 beats/min and 288.2% baseline). In a different rat injected with L-NAME into this area, increases were also observed in MAP (32.8 mmHg), heart rate (48 beats/min), and RSNA (70.4% baseline). Saline injection into the PVN resulted in no change in any of the parameters from baseline values (not shown).
DISCUSSION
The present studies support our hypothesis that voluntary wheel running exercise decreases systemic arterial pressure in conscious 2K-1C rats. The data highlight five major findings. First, the pressure-lowering effect is clearly evident after 6 wk with no further decline after 12 wk of exercise. Second, the distances run by all the groups were comparable to those reported for Sprague-Dawley rats (15, 31, 43, 58) . Nonetheless, the pressure-lowering effects of exercise training are observed only in the hypertensive 2K-1C rats despite similar or even greater running distances by the sham-clipped rats. Third, plasma ANG II is elevated at 12 wk in the 2K-1C rats and declines with exercise training to levels no different from that of normotensive sham-clipped rats. Fourth, the smaller changes in arterial pressure, heart rate, and RSNA after blockade of nitric oxide in sedentary 2K-1C rats suggest a lower nitritergic tone within the PVN that is restored by exercise to a level comparable to that of sham-clipped animals. Finally, although GABA inhibition evokes a greater rise in arterial pressure in exercised 2K-1C rats, the changes in heart rate and RSNA are paradoxically lower, which suggests that exercise exerts a differential influence on nitric oxide and GABAergic mechanisms within the PVN in this model.
Current evidence supports the concept that PVN nitric oxide plays a pivotal role in modulating arterial pressure in several models of hypertension including the SHR (53), the Dahl salt-sensitive strain (17) , and neurogenic hypertension (63) . Blockade of endogenous nitric oxide generation within the PVN results in higher arterial pressure and sympathoexcitatory responses (64, 65) , and administration of exogenous nitric oxide donors typically exerts the opposite effects (26) . The same has been reported in hypertension models that involve an activated renin angiotensin system, such as the mRen2 (27) transgenic rat (37) and the 2K-1C rat (12, 35, 54) . However, the attenuated hemodynamic and RSNA responses by the 12-wk sedentary 2K-1C rats indicate that PVN nitritergic signaling is diminished compared with sham-clipped sedentary rats. These findings are consistent with data in renal wrap hypertension (23) and heart failure (51), both of which exhibit an activated renin-angiotensin system. Regular exercise exerts a more profound impact on PVN nitric oxide signaling in 2K-1C hypertensive rats than in sham-clipped rats. Exercise enhances the heart rate and RSNA responses by 2K-1C rats to inhibition of nitric oxide generation such that the responses are at least as robust as those of sham-clipped animals, consistent with moderate regular exercise increasing nitric oxide signaling within the PVN of 2K-1C rats. The increase in nitric oxide may, at least in part, be due to the lower ANG II levels in the exercising 2K-1C rats since blockade of ANG II formation or receptor activation in SHR has been shown to increase hypothalamic nitric oxide synthase activity (53) . Other potential mechanisms include exercisetraining augmentation of cardiac vagal afferent inputs to PVN neurons (22, 32, 38) , increases in the number of nitric oxide synthase-positive PVN neurons (15, 66) , or an increase in the sensitivity of neurons to nitric oxide itself (66) . Since baseline arterial pressure is already lower in the 6-wk exercised 2K-1C rats, the lack of observed differences with PVN nitric oxide blockade at this time point suggests that a longer period of regular exercise is required for changes in modulation of heart rate and RSNA and that exercise may exert its effects earlier at other central cardioregulatory sites and/or via other sympathetic nerves (e.g., splanchnic or adrenal nerves).
Existing evidence supports the concept that the sympathoinhibitory actions of nitric oxide are mediated by GABA, which exerts a tonic inhibitory action within the PVN (27, 33, 65) . Compared with sham-clipped rats, the increase in arterial pressure with GABA inhibition in conscious sedentary 2K-1C rats is reduced at both 6 and 12 wk, suggesting a decrease in GABAergic tone in the hypertensive rats. However, the heart rate and RSNA responses are not concomitantly blunted as would have been expected if GABA were mediating the effects of nitric oxide. The greater rise in arterial pressure by exercised 2K-1C rats is consistent with exercise enhancing PVN GABAergic tone within the PVN, but heart rate and RSNA responses rather than mirroring the augmented responses with L-NAME are attenuated compared with those of sedentary 2K-1C rats. While combined blockade may have provided additional insights, these disparities suggest that, at least in the 2K-1C model, the relationship between PVN nitric oxide and GABA may be more complex.
One or more possible mechanisms may account for these findings. A substantial component of sympathoexcitation in 2K-1C hypertension is due to activation of neurons at the subfornical organ by a combination of afferent nerve inputs from the clipped kidney and high plasma ANG II activation of AT 1 receptors (6, 11) . The subfornical organ, in turn, sends glutamatergic projections to the PVN (36) where glutamate Table 3 . There were no statistical differences between the groups at any time point.
receptors are upregulated in 2K-1C hypertension (2) . Nitric oxide is known to decrease expression of glutamate receptors (67) , thereby directly decreasing excitatory neurotransmission independent of its effects on GABA inhibition (20, 60) . Furthermore, although AT 1 receptor expression is increased within the PVN of 2K-1C rats (9) , whether exercise alters this expression has not yet been studied. Nonetheless, diminished activation of AT 1 receptors due to the lower levels of plasma ANG II in the exercised rats may contribute to the attenuated response to GABA inhibition (10) . It has been proposed that the balance between excitatory and inhibitory inputs in PVN of 2K-1C rats favors excitatory inputs over time (3, 59) . Importantly, nitric oxide can attenuate glutamatergic signaling within the PVN (20) . If so, then exercise may decrease arterial pressure in 2K-1C hypertension primarily by diminishing underlying ANG II and glutamatergic excitatory inputs to PVN presympathetic neurons that drive cardiac and renal sympathetic nerves to a greater extent than it enhances GABA inhibition of sympathetic output.
In addition, GABAergic tone may decrease with the duration and/or magnitude of hypertension in 2K-1C rats. In 13-wk-old hypertensive SHR, bicuculline failed to increase and even decreased PVN neuronal firing rates compared with younger normotensive SHR (34) . Such a mechanism would be consistent with the apparent paradoxical decrease in arterial pressure to bicuculline in sedentary 2K-1C rats with MAP Ͼ200 mmHg. This was not due to an inability to mount a pressor reaction since the rise in arterial pressure with phenylephrine was the same. Notably, the post hoc analysis indicates that the attenuated heart rate and RSNA responses by 2K-1C rats are dependent on exercise and independent of baseline arterial pressure. A role for the duration of hypertension cannot be excluded especially since the increases in heart rate and RSNA at 12 wk were less than at 6 wk. Furthermore, it is possible that the affinity or number of GABA receptors may be altered; however, this was not evident in renal wrap hypertension (23) . Finally, differential control by GABA within cardiovascular regulatory nuclei to which PVN neurons project such as the nucleus tractus solitarius (55) or rostral ventrolateral medulla cannot be excluded (45) . Activation of efferent renal sympathetic nerves is a powerful stimulus for renin secretion (46) and thereby increasing plasma ANG II. The lower plasma ANG II levels in the 2K-1C rats are consistent with the sympathoinhibitory influence of exercise. Thus it is possible that a component of the decrease in systemic arterial pressure in exercised 2K-1C rats may also be due to attenuation of the direct vasoconstrictive action of ANG II on resistance vascular beds.
Technical considerations and limitations. Harlan SpragueDawley rats have been observed by other laboratories to have higher baseline arterial pressures (20, 52) , but this has not been universally observed (24, 62) . The protocols in the present studies required multiple survival surgeries. Although the renal artery clipping (or sham clipping) is remote from the time the animals undergo the study protocols, the PVN cannula and catheter insertion surgery and renal electrode placement surgery are more proximate to the studies and may have contributed to stress that resulted in higher baseline arterial pressures. We timed the PVN cannula placement to permit recovery from brain edema. The 4-day period was based on earlier studies with subfornical organ cannulas where recovery can be monitored by recovery of water intake behavior (39) . It is unfortunate that to have a reliable good quality sympathetic nerve activity signal in a conscious rat, the electrodes could not be placed during the PVN cannula surgery thereby permitting a longer recovery period. With the advent of nerve telemetry becoming available, this limitation may be circumvented in the future. The potential effect of detraining during the 4 -6 days after cannula insertion before testing can also not be totally eliminated and may have exerted a greater impact on the 6-wk compared with the 12-wk exercise regimen. Nonetheless, these studies have attempted to balance the advantages and disadvantages of studying rats in the conscious state vs. those that occur with anesthetized animals.
In summary, voluntary wheel exercise training by 2K-1C rats results in lower arterial pressure, heart rate, and plasma ANG II levels. Sedentary 2K-1C rats exhibit attenuated hemodynamic and RSNA responses to blockade of nitric oxide generation within the PVN. This impaired nitritergic signaling is reversed by 12 wk of moderate exercise. Likewise, the blunted increase in arterial pressure with GABA antagonism in sedentary 2K-1C rats was improved by exercise training at 6 wk and restored to that seen with normotensive sham-clipped animals at 12 wk. Paradoxically, heart rate and RSNA responses to GABA inhibition were not diminished in the sedentary 2K-1C rats and exercise training decreased rather than enhanced both responses. Although the changes in arterial pressure were highly and inversely correlated with baseline systemic pressure, the changes in heart rate and RSNA with GABA blockade were dependent on exercise or sedentary status rather than baseline arterial pressure.
Perspectives and Significance
The present findings have important implications for exploring the benefit and risks of exercise in humans with renovascular disease since this entity is gaining greater prevalence in the population (28) . In contrast to heart failure where the increase in arterial pressure and RSNA responses to PVN nitric oxide and GABA inhibition after regular exercise are both enhanced (64, 65, 68) , PVN mechanisms in 2K-1C hypertension display some distinguishing characteristics. Whereas the arterial pressure response is enhanced by both nitric oxide and GABA blockade, the renal sympathetic response to GABA antagonism is actually diminished. This indicates that the neural plasticity conferred by exercise training in 2K-1C hypertension may influence excitatory pathways initiated by ANG II to a greater extent than inhibitory pathways. Thus caution should be used in generalizing mechanisms among different diseases and perhaps even among different types of hypertension. Furthermore, the paradoxical response to GABA antagonism in very hypertensive 2K-1C rats shows that underlying mechanisms may differ depending on the level of resting arterial pressure. This may, in part, explain the disparate results that have been observed with exercise training in humans (61) and strongly advocates for close monitoring of exercise regimens in hypertensive individuals with higher resting blood pressures (56) .
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